Ginseng was known to be an effective natural product that enhances penile erection. However, the precise biological function and mechanisms of action of ginseng with regard to erectile function remain unknown. The principal objective of this study was to identify ginsenoside (principal molecular ingredients of ginseng)-induced activation of large-conductance K Ca channel in human corporal smooth muscle cells, and to determine ginseng's mechanism of action on penile erection. Electrophysiological studies using cultured human corporal smooth muscle cells were conducted. We evaluated the effects of total ginsenosides (TGS) and ginsenoside Rg3 on large-conductance K Ca channel by determining whole-cell currents and single-channel activities. There was an increase in outward current dependent on TGS concentration (at þ 60 mV, 1 lg ml
Introduction
During the last decade, there have been significant advancement in the treatment for ED, and there are now several treatment options for physicians and patients. In addition, many herbal therapies have been used as supplementary treatment for ED, [1] [2] [3] [4] [5] especially in patients who have failed ED treatment. Consequently, there have been many interests in the role of herbal medicine in enhancing penile erection. Among several herbal remedies, ginseng is well known and being used extensively in many countries. Ginseng has been used for its broad spectrum of medicinal effects: as a tonic, for immune modulation, adaptogenic and antiaging and for its beneficial effects on erectile function and even female sexual dysfunction. [6] [7] [8] After numerous attempts have been made to assess the effectiveness of ginseng on ED, it has become increasingly evident that ginseng may be an effective agent therapy for ED. [9] [10] [11] [12] The principal molecular ingredients responsible for the actions of ginseng are ginsenosides (also called ginseng saponins), which are amphiphilic molecules comprised of a hydrophobic aglycon backbone (a hydrophobic four-ring steroid-like structure) linked to hydrophilic carbohydrate side chains that consists of monomers, dimmers and tetramers. Ginsenosides were previously shown to influence several ion channels, such as voltage-dependent Ca 2 þ , Na þ channels, nicotinic acetylcholine receptors, N-methyl-D-aspartate receptors and large-conductance K Ca (BK Ca ) channels. [13] [14] [15] [16] Among them, the large-conductance K Ca channel operates as a negative feedback regulator in smooth muscles and neurons. 17 Several studies have recently implicated large-conductance K Ca channels in a variety of physiological control mechanisms and neurological disorders, such as bladder control, epilepsy, hypertension, cerebellar ataxia and penile erection. 18, 19 Although the extracts from Panax ginseng have been assessed for their pharmacological effects on erectile function, the precise biological function and mechanisms of action remain largely unknown. Some investigators have postulated that red ginseng might induce relaxation of corpus cavernosum smooth muscles via the nitric oxide pathway. 12, 20 Ginsenosides have been shown to cause a dosedependent relaxation of the corpus cavernosal smooth muscle in rabbits by increasing nitric oxide release. [20] [21] [22] However, more studies are needed to fully understand the mechanisms of action of red ginseng. In addition, no previous studies have investigated ginsenoside-induced activation in large-conductance K Ca channels in human corporal smooth muscle cells. Thus, the principal objective of this study was to investigate ginsenoside-induced activation of large-conductance K Ca channels in human corporal smooth muscle cells, and to identify the mechanism underlying ginseng's efficacy on ED. Furthermore, we also investigated ginsenoside Rg3, a protopanaxadiol ginsenoside metabolite-the primary regulator of large-conductance K Ca channel in Panax ginseng-for its role in human corporal smooth muscle cells relaxation.
Materials and methods

Plant materials
Total ginsenosides (TGS) and 20(S) ginsenoside Rg3 (Rg3) were kindly provided by the Korean Ginseng Cooperation (Daejeon, Korea). The purity of Rg3 was 495%. TGS and Rg3 were dissolved in dimethyl sulfoxide and then diluted immediately before use. The final concentration of dimethyl sulfoxide was o0.1% and did not affect membrane currents.
Explant cell cultures
All studies were conducted in accordance with a protocol approved by the Internal Review Board of the Sungkyunkwan University School of Medicine/ Samsung Medical Center. Human corpus cavernosal tissues were acquired from patients undergoing surgery for penile prosthesis implantation and penectomy due to penile cancer. Homogeneous explant cell cultures of human corporal smooth muscle cells were prepared, as previously described. [23] [24] [25] In brief, radial sections of approximately 3 Â 3 Â 10 mm were excised from the midpenile shaft of each resected sample. These specimens were comprised of smooth muscle, endothelium and connective tissues, with occasional nerve fibers. The tissues were washed, cut into 1-2 mm pieces and placed in tissue culture dishes with a minimal volume of Dulbecco's medium (GIBCO, Carlsbad, CA, USA) and 20% fetal calf serum. After the explants were attached to the substrate (usually 1-2 days), additional medium was added. The smooth muscle cells were observed migrating from the explants and underwent division. The cells were subsequently detached via a trypsin/EDTA protocol to establish secondary cultures from the explants. These cultures were morphologically homogeneous. The cobblestone morphology characteristic of endothelial cells and the flattened and spread-out shapes characteristic of fibroblasts were not observed. Cellular homogeneity was further verified by observing smooth muscle-specific a-actin and myosin immunoreactivity. The cultures were maintained for no more than four passages: during this time, all measured pharmacological and molecular properties were evaluated in the intact tissues that were maintained in the cultures, for example, cyclic adenosine monophosphate formation, 24, 25 calcium mobilization, 26, 27 expression or function of the gap junction protein, connexin, 23 and K þ channel activity.
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Electrophysiological methods
The conventional tight seal method was used. Patch electrodes were made from borosilicate glass capillary tubing (World Precision Instruments, Sarasota, FL, USA) of 2.5-5 MO resistance. The cell suspension was placed into a small chamber (0.6 ml) on the stage of an inverted microscope (TMD Diaphot, Nikon, Tokyo, Japan). The membrane currents in smooth muscle cells were recorded using a patchclamp amplifier (Axopatch-lD, Axon Instruments, Union City, CA, USA). Liquid junctional potential between the pipette solution and the bath solution was only B3 mV, uncorrected. 30 Series resistance (about 6-10 MO) and capacitive currents were not compensated for, because the cell size and measured currents were relatively small. Membrane capacitance was determined from the current amplitude elicited in response to hyperpolarizing voltage ramp pulses from a holding potential of 0 mV to À5 mV (duration 25 ms at 0.2 V s À1 ). This procedure avoided interference by any time-dependent ionic currents. The average cell capacitance was 35.3 ± 2.6 pF (n ¼ 44).
In each experiment, whole-cell configuration was not achieved until the seal resistance became larger than 5 GO. PCLAMP software (version 9.2, Axon Instruments) and Digidata-1322A (Axon Instruments) were used for data acquisition and application of command pulses. Membrane currents were measured during ramping and filtered at 5 kHz (À3 dB frequency). The current signals were filtered at 5 kHz, digitized and analyzed on a personal computer using pCLAMP and Origin software (version 7.0, Microcal Software, Northampton, MA, USA). Single-channel activities were recorded at 10 kHz in cell-attached and inside-out configurations. The voltage and current data were low-pass filtered at 1 kHz and then stored. The data were analyzed to obtain amplitude histograms and channel activities (NPo). Channel open probability (Po) was determined by dividing the Po of each patch (NPo) by the number of ion channels present in the patch (N).
Statistical analysis
Unless stated otherwise, all data are expressed as means ± s.e.m. (standard error). Differences in the group mean values of interest were analyzed by the Student's t-test for paired samples. A P-value o0.05 was considered statistically significant in all cases.
Results
Effects of ginsenosides on whole-cell BK Ca currents To assess the effects of ginsenosides on the BK Ca channels, whole-cell currents were measured in cultured human corporal smooth muscle cells. The membrane currents were recorded before and 5 min after the extracellular application of TGS or Rg3 (Figure 1 ). The effects of various concentrations of TGS and Rg3 on whole-cell currents are shown in Figure 1c . An increase in outward current was dependent upon TGS concentration in the solution (at þ 60 mV, 1 mg ml À1 ; 168.3 ± 59.3%, n ¼ 6, Po0.05, 10 mg ml À1 (Figures 1a(B) and b(B) ), suggesting that TGS and Rg3 activated BK Ca currents.
Activation of large-conductance K Ca channels by TGS and ginsenoside Rg3 in cell-attached and inside-out patches To determine whether TGS or Rg3 have a similar effect on single BK Ca channels, single-channel recordings in the cell-attached configuration were performed. BK Ca channel activity in cell-attached patches was monitored at þ 60 mV membrane potential, before (control) and following exposure to the solution containing TGS or Rg3. As illustrated in Figure 2a , channel openings in cell-attached mode were increased significantly by 50 mg ml À1 of TGS. An ensemble of single-channel currents was elicited by 500 ms ramps (À80 mV to þ 100 mV; Figure 2b ). The BK Ca Po was increased from an initial value of 0.0020±0.0005 to 0.0120±0.0042, an approximately sixfold increase from control (Figure 2c , Po0.05, n ¼ 7). Under the same experimental conditions, application of 10 mM Rg3 to the extracellular side reversibly increased channel Po to 9.3-fold (0.0020 ± 0.0006 to 0.019 ± 0.0077, n ¼ 11, Po0.05), as shown in Figure 3 . To further characterize the direct effects of total ginsenoside and Rg3 on BK Ca channels, intracellular components were eliminated by forming inside-out patches detached from the cell. Consistent with the cell-attached data, BK Ca channel activities in the inside-out membrane patches were significantly increased by 50 mg ml À1 of ginsenoside and 10 mM of Rg3. As illustrated in Figure 4 , Po was dramatically increased to 6.2-fold (n ¼ 6, Po0.05) and 12.4-fold (n ¼ 8, Po0.05) of control by TGS and Rg3, respectively. These effects were completely reversible after exposing the cells in fresh bath solution (n ¼ 4) and were independent of intracellular calcium level.
Discussion
Ginsenosides are classified into protopanaxadiol and protopanaxatriol ginsenosides, depending on Effects of ginsenoside HH Sung et al the position of the carbohydrate moieties at carbons À3, À6 and À20, which can either be free or connected to sugar rings. The structures of ginsenosides, such as Rb 1 , Rc, Re, Rf, Rg 1 , Rg 3 , Rh 2 , CK and M4, and ginsenoside metabolites differ in their three side chains attached to a common steroid ring. Ginseng has been traditionally used for the treatment of a wide variety of ailments including ED. Some of the purported effects of ginseng have been documented by laboratory studies. An accumulating body of evidence suggests that ginseng may target the ion channels inherent to neuronal excitability. Ginsenosides have been found to influence several ion channels. 31, 32 However, the effects of ginsenoside and its mechanisms of action on cavernosal smooth muscle have not been previously reported.
Potassium channels in corporal smooth muscles, as with other vascular tissues, appear to exhibit a greater diversity than any other type of ion channel. 33 In fact, it has been suggested that K þ channels may represent a major convergence point for mediating the action of a diverse range of vasoactive compounds at the level of contractility in human corporal smooth muscle cells. In corporal smooth muscles, it appears that in addition to affecting basal tissue tone and initiating and terminating contractile stimulus, potassium channels affect corporal tissue relaxation by virtue of their ability to mediate cellular hyperpolarization. Among several subtypes of potassium channels, the calcium-sensitive (K Ca ) or maxi-K potassium channel subtypes are believed to be the most physiologically relevant to human corporal smooth muscles. The channel recorded in 
Effects of ginsenoside
HH Sung et al this study showed voltage-dependent and Ca 2 þ -dependent kinetics, and a similar slope conductance to that reported in previous studies. 28, 33 On the basis of these data, single currents observed in our cellattached patch and the inside-out clamp experiments appeared to occur through large-conductance K Ca channels.
The smooth muscle tone in the penis depends on the balance between contractile and relaxant factors. K Ca channel has a role as a negative feedback mechanism to oppose contraction. Matthias et al. 34 verified that K Ca channel has an important role in erectile function, and loss of the K Ca channel leads to ED using a knockout mouse lacking the Slo gene (Slo À/À ) responsible for the pore-forming subunit of the K Ca channel. We observed the effects of TGS and Rg3 on large-conductance K Ca channels in human corporal smooth muscle cells and verified that these results could be one of the ginseng's mechanisms of action on ED. First, in the inside-out configuration, large amplitude single-channel currents were observed in symmetrical K þ solutions at membrane potentials of À80 to 100 mV, which were dependent upon Ca 2 þ concentration and blocked by TEA. We could verify from these findings that large-conductance K Ca channels were expressed in human corporal smooth muscle cells and consistent with previously reported studies similar to this, using human corporal smooth muscle cells. 28, 29 Second, an increase in outward current was dependent upon TGS and Rg3 concentrations in bathing solution in whole-cell currents, and these currents were Effects of ginsenoside HH Sung et al blocked by TEA. Outward current recorded at 100 mg ml À1 TGS and 50 mM Rg3 (corresponding to 39.2 mg ml À1 ) in the bathing solution was increased by about 4.6-fold and 17.1-fold, respectively. Such increases were not affected by additional TGS and Rg3 in the bath solution. These results suggest that ginsenoside Rg3 is a more potent activator than TGS and could be a crucial active component of ginseng, further investigation might be needed to compare with other components directly. However, Rg3 of the ginseng components has been already known as the most potent vasodilator; 35, 36 hence, we utilized this component in this study rather than other components and observed its potency in the penile smooth muscle cell. Finally, K Ca channel activity in cellattached patches was monitored at a membrane potential of þ 60 mV before and following exposure to bathing solution containing TGS or Rg3. Channel opening in the cell-attached mode was increased significantly by 50 mg ml À1 of TGS or 10 mM of Rg3 (corresponding to 7.8 mg ml
À1
). As such, this study demonstrated the effects of TGS and Rg3 on cavernosal smooth muscle cell relaxation by ion channels, particularly large-conductance K Ca channels. Although the present study did not determine the precise mechanism by which TGS and Rg3 affect large-conductance KCa channels, ginsenoside Rg3 activated large-conductance K Ca channels at a lower concentration than TGS.
To our knowledge, this is the first report on ginsenoside-induced activation of large-conductance K Ca channels in human corporal smooth muscle cells. Our study demonstrates that that ginsenoside induces smooth muscle relaxation by hyperpolarizing the smooth muscle membrane via the activation of large-conductance K Ca channels. Ginsenoside Rg3 appears to be one of the crucial active components of ginseng, and further investigation will be needed to verify its role of Rg3 largely responsible for TGS-induced relaxation of corporal smooth muscle. Effects of ginsenoside HH Sung et al
